The followin g va lues we re obtained from measureme nl s of the e ntha lpy of solulion of a we ll c haracle ri zed sa mp le of crys ta lli ne ade nine in vari ous so lve nt s: nucleic acid bases; so lution calorimetry; th ermochemi stry.
Introduction
The preceding papers in thi s series [1, 2] ' desc ribed th e results of measure me nts of th e e ntha lpi es of solution in water for some of th e bases of th e nu c le ic acids. In thi s work the enthalpies of soluti on or reac ti on of adenine (Ade), C5H5N5 or 6-amino purine, in oth er solve nts are reported.
Enthalpi es of protonation and of proton dissoc iation of Ade have previously bee n obtained by various methods including titrations and spectrophotometry at various temperatures and calorimetri c titrations [3] . Howe ver, the Ade samples used in the earlier work were not charac terized as were the samples I Figures in brackets indicate literature references at the end of this paper.
used in this work. We have measured e nthalpi es of reaction for Ad e in aqu eous HCl and in aq ueous NaOH. The concentration range for th e HCI and NaO H was 0.1 mol, L -I to more than 6 mol, L -I . At abo ut 5( mol HCI)L -I th ere was evide nce of a second protonation of Ade; thi s was suggested by Albel1 and Brown [4] as occurrin g at pH < 1. At about 4(mol NaOH)L-1 ev id ence of a second proton dissociation of Ade was observed; thi s has not been previously reported.
Adenine was found to be less than half as soluble in ethanol (EtOH) as in methanol (MeOH) . A concentration dependence of the enthalpy of solution was observed in the range of about 1 to 8 mmol Ade (kg MeOH) -I.
Values for tlC p were determined for the reactions of Ade in each of the four solvents.
Materials, Apparatus, and Procedures
The adenine sample, Ade 2, previously described in detail [1] was used as received from a commercial source for all experiments reported in this work except one with Ade 5b, a sample recrystallized from aqueous solution [1] . The volatile matter for Ade 2, determined previously and presumed to be H20, was (0.15 ± 0.10) mass per cent or (1.1 ± 0.7) mole per cent, and for Ade 5b, (0.40 ± 0.05) mass per cent or (2.9 ± 0.4) mole per cent. No other impuriti es were identified. These materials were assumed to be of high purity since the values for the enthalpy of solution at infinite dilution agreed with each other and were the highest of the six samples compared.
The calorimetric solutions of aqueous HCl and NaOH were taken from stock solutions prepared by dilution of th e concentrated solutions with distilled water. The concentrations of the HCl stock solutions were determined by titration s using analytical reagent grade Na2C03 (dried 1 h at 548 K), with bromphenol blue as an e nd-point indicator; th e solutions were boiled to remove CO2 before adding the final portion of acid. Potassium acid phthalate, NBS Standard Reference Material No. 84 h, was used in titrations to determine the concentration of the NaOH stock solutions with phenolphthalein as the end-po int indicator. CO2-free air was bubbled through the solutions during th ese titrations .
The platinum sample holder with interchangeable cylinders has been described [5] . In thi s work only the smallest cylinder, of O. 7-mL capacity, was used . It was fill ed in th e laboratory atmosphere controlled at (295.6 ± 0 .5) K and (30 ± 10) per cent relative humidity.
The platinum-lined adiabatic solution calorimeter, th e measurement procedures , and the methods of calculation have been previously described [5 , 6] . The physical constants and cal ibrations were the same as those given in [1] . The experiments reported here were made intermittently during the period from April 1974 through May 1976. Most of these reactions were endothe rmi c except those in solutions above 2 (mol HCI)L -1 which were exothermic. El ectri cal energy was not added during the endothermic reactions (except as noted in one experime nt) to prevent a decrease in the calorimeter temperature , because the e nergy absorbed was always less than 50 J and the decrease in the calorimeter temperature was less than 0.04 K; thus , heat transfer con-ections were usually negligible.
Solution of Adenine in Aqueous Hel
The e nthalpy of solution of adenine was measured in 24 experiments over the concentration range of 0.1 to 6.6 (mol HCl)L -1. The results obtained in these experiments are given in table 1. The column headings are defin ed as follows:
Mass of Ade has been corrected for the H20 In th e samples; all we ighings were cOlTected to vac uum .
Mass and Concentration of aqueous HCl soluti ons used as the calorimetri c solutions are given.
T reaction is th e mean temperature of reac tion .
Reaction period is the elapsed time between the initiati on of the reac tion and the beginning of the rating period which follows the reaction.
Cal. Unc., the estimated calorimetric uncerta inty for an experiment , is based on th e duration of the reaction , the magnitude of th e temperature change from th e reaction, and the standard d ev iation of th e slope of th e ratin g period following the reac tion (see [1] for details).
Electrical energy equivalen ts of th e initial and final systems , Ei and Ef, are given.
t1T reaction is the corrected te mperature change for th e I reac tion (see [5] ) .
Q reaction is the heat of th e solution reaction represented by th e following equation:
where q yap is the heat of vaporization of the solution into the air space in the sample holder upon openi ng a nd
where t1H yap is the e nthalpy of vaporization of the solution per unit volume at the mean temperature of reaction, V is the internal volume of the sample holder, s is the mass of sample, d is the density of the sample (for Ade, d = 1.47 g. mL -1 [1]), and RH is the relative humidity of the atmosphere in which the sample was transferred to the sample holder. b qvap "' " -0.04J for No. 954 and -0 . 02 J for all other experilUeilts , was subtrac t ed from the measured heat of reaction.
J. mol -I. K-I which is twice th e sum of th e estimated calorimetri c uncertainties. At other concentrations the uncertainty may be somew hat g reater. Th e experime nts g ive n in table 1 are I isted in ord e r of increas in g co ncentration of th e HCI soluti ons. The ade nin e samples, 0. were made in these e xperiments for th e val-iation s in adenine conce ntration , 1. 4 to 1.8 mmol ' kg-I so luti on. Th e ad e nin e concentrati on depende nce of the e nthalp y of so lution in wate r re port ed p re viou s ly [1] wa s s mall with a large un ce rtainty.
Examination o f th e va lues for !1H II! (298. 1 5 K) in tabl e 1 for those e x pe ri me nt s wh ere th e same c on centrati on of H CI so luti on was used re vea led no consistent d e pe nd e nce on Ade concentration. It is ass um ed that th e diffe re nces are due to sampl e inhomoge ne ity and ex pe rimental uncertainty.
The two strai ght lines s hown in fi gure 1 were obtained by fitting lin ear e quations to the data for !1H m (298.15 K) and HCI concen tration b y th e me thod of least sq uares, and may be represented by th e following equations: [or th e 14 data points below 5(moJ HCl)L -I,
. , where C is the concentration of HCl in mol, L -I and th e standard deviations of the fits are 0.17 kJ· mol -I and 0 .55 kJ· mol-J , respectively. The un certainti es m·e the standard deviations. From the difference in the two intercepts we obtain th e enthalpy of th e second protonation at infinite dilution, (7.9 ± 2.0) kJ· mol -I. The c hange in slope at 5(mol HCL)L -1 is appare ntly the result of the seco nd protonation previously reported by Albert and Brown [4] at pH < L it should also be noted that the length of th e reaction peri ods given in table 1 fall into three groups: (30 ± 18) min for the first 14 experiments but omitting the one at 309 K, (73 . ± 15) min for th e next 5 experiments, and (128 ± 25) min for the last 5 experiments. This suggests a third protonation between 5.8 and 6.0 (mol HCl)L-1 ; however, th e unceltainties in the slopes and intercepts do not justify separation of th e last two gro ups.
Solution of Adenine in Aqueous NaOH
In table 2 are th e data for 20 experim ents in which th e enthalpy of solution of Ade 2 in aqueous NaOH solutions was measured . The description of column headings given in sect ion 3 also applies to table 2. It is assumed that q vap is negligibly small in th ese experiments because if th e soluti on were pure water q vap would be less than 0.05J in the worst case (at 309 K); the correction s are smaller than this since th e vapor pressure of th e NaOH solution is less than that of water. was obta ined from the sum of the estimated calorimetric uncelt a inti es (table 2) divided by the temperature difference. The un cettai nty may be greater at other concentrations. From the lengths of th e reaction pe riods give n in table 2, it can be seen thaT all of the reactions were rapid . No undi ssolved material was visible in the fin al soluti ons. The value of th e enthalpy of soluti on decreases as the conce ntration of th e NaO H calorimetri c solutions increases. where C is the NaOH conce ntration in mol , L -I and the uncertainties are the standard deviations. The standard deviations of the fits are 0.072 kJ· mol-I and 0.093 kJ· mol-I, respectively. From the difference in the intercepts, we obtain the enthalpy of the second proton dissociation at infinite dilution, (2.06 ± 0.21) kJ · mol -I. 
FIGURE 2. Plot showing the values for the enthalpy of solution of adenine at various concentrations of aqueous NaOH solutions.
The two lines shown were obtained by fitting linear equations to the data by the method of least squares. The change in slope at approximately 4(mol NaOH)L -I is assumed to be the result of a second proton dissociation of the adenine molecule. The radius of a circle is equal to the estimated calorimetric uncertainty for the experiment (see text).
Solution of Adenine in MeOH and in EtOH
The data are given in table 3 for 12 measurements of the enthalpy of solution of Ade 2 in ACS Spectro-grade methanol, and for 2 measurements in ACS absolute ethanol. The column headings described in section 3 also apply to table 3.
The rating period slopes are given in table 3 because they differ markedly from those where the aqueous calorimetric solutions were used. The reaction period was preceded by the initial slope and followed by the final slope. These slopes are obtained by fitting a linear equation to about 20 timetemperature observations at l00-s intervals by the method of least squares. At 298 K, with a stirring rate of 550 rpm, the rating period slopes for the aqueous HCI solutions were between 6.5 and 7.5 pK 'S-I and for the aqueous NaOH solutions, between 5.9 and 6.6 pK 'S -I; in both cases the final slope was 0.1 to 0.3 pK ' s -I larger than the initial slope. For the solution reaction in methanol, the final slope was always more than 1 pK . S -I smaller than the initial slope even with the variations in temperature and stirring rate. This indicates an increase in the evaporation cooling effect after the reaction which is surprising in view of the fact that non-volatile molecules were added to the methanol. The solutions apparently depart greatly from ideal behavior. For the solutions in ethanol, the initial and final slopes were essentially equal.
Some undissolved particles were visible at the bottom in all final solutions in the experiments with methanol and ethanol. The amounts appeared to be independent of both concentration and temperature of reaction. The undissolved material was not analyzed, but in one noncalorimetric experiment about 8 mg or 4 per cent of the sample mass was recovered in a filter. Most of the final solutions were cloudy, but the cloudiness decreased as the reaction temperature increased; at about 342 K, the final solutions were essentially clear. When a cloudy final solution was filtered through Whatman No. 50 hardened filter paper (for fine crystalline precipitates), the filtrate was clear indicating that the cloudiness was caused by fin ely divided material suspended in the solution. It is unlikely that the suspended material was adenine since its density is nearly twi ce that of the alcohols. The unreacted material was probably an impurity (or impurities) in the adenine which was soluble in water, but insoluble in the alcohols at the lower temperatures.
The /1C p for the reaction of Ade in methanol was obtained by fitting a linear equation by th e least squares method to the data for t1H m( T) and T re action for 10 experiments in table 3 (omitting Nos. 1009 and 1012 because the values for t1H m( T)
were quite low and leakage of the sample holder was suspected). A plot of these data is shown in figure 3 . The slope of the line is /1C p = (92 .9 ± 5.3) J. mol-I. K -l; the uncertainty given is the standard deviat ion and the standard deviation of the fit is 0.18 kJ · mol -I. Figure 4 is a plot of the adenine concentration in the final solutions versus tlJf ",(298.15 K) before the corrections to th e mass of Ade for H20 in the sample were applied. These correction s were small and caused the line shown in figure 4 to be rair;ed 0.02 kJ· mol-I with a negligible change in slope. (table 3) , the heat of the e ndothermic reaction was large enough to result in small departures of the temperature of th e adiabatic shield from that of the reaction vessel. The re fore small corrections for heat transfer from the shield to the vessel were made as previously described [5] . The need for this correction was eliminated in Expt. No. 1010 because prec isely measured electrical e nergy was added during the reaction to prevent a decrease in the temperature of th e reaction vessel.
In figure 4 , the experime nts represented by th e two points a t the lower right (Expts. No. 1009 and 1012) were suspected of prereaction although the rating period slopes did not support thi s suspicion. If th ese two experiments are in error, we would conclude that the en thalpy of solution was independ ent of concentration in th e range of these measurements.
. . In preliminary ex perim e nt s, it was learned that only about one-third as mu c h Ade co uld be di ssolved in ethanol as in an equal volume of me th a nol. Th e fin a l soluti on in Expt. No. 1020 (table 3) was ve ry c lose to saturati on. At such low conce ntra ti ons, meaningful di lution data were not obta ined. However, 6.C p for the reac ti on was abo ut (0.24 ± 0 .04) kJ· mol-I . K-I a nd LVi (298.1 5 K) = (22.0 ± 0 .9) kJ . mo l-I; H2Ade(c) + OW(aq) = HAde -(aq) + H20(l) , 6 th e unce rta inti es are estimated ta kin g into considerati on th e By subtracting eq (1) from eq (2) and from eq (3) we obtain unreac ted material in th e final soluti ons.
Discussion and Summary
Th e struc ture of adenine has bee n give n as foll ows [4] :
There a re three poss ible sites for protonat ion at Nl , N3, a nd N7, and two s ites for proton di ssoc ia ti on at N9 a nd th e amino group. A rev iew [3] li sts measureme nts of th e e nth a lpy of protonation at Nl (p H 4) a nd suggests a second protonation [4] at N7 (p H < 1); e nth a lpies of proton di ssoc iati on at N9
(pH 10) a re a lso listed.
Th e first wo rk in thi s se l' ies [1] gave our best valu e for th e enthalpy of soluti on at infinite diluti on whi c h may be re prese nted by the following equati on (w he re ade nin e = , H2Ade):
H2Ade(c) + (aq) = H2Ade(aq), 6 .H(oo, 298 .1 5 K) = (33.47 ± 1.00) kJ ' mol -1
0)
From the measureme nts reported in secti on 3 of this work we ass ume the following equations: (Some e vide nce is me nt io ned in secti on 3 tha t eq (3) may represen t a triple protonation rather th an the additi on of the two protons as indi cated h ere.) From the measure me nts in I section 4, 6. H(OO, 298.15 K) = -( 14.2 ± 2.2) kJ . mol-l (7) wh e re th e un ce rta i nti es are th e sq uare root of th e sum of th e squares of th e indi vid ual un ce rta inti es .
Eq uati on (6) is equival e nt to th e protonation of N1 as give n in [3] . Th e value obta in ed for thi s reacti on by Chri ste nsen et a l. us in g calorimetri c titra ti ons is -(20.12 ± 0.08) kJ· mol-I [7] ; th e purity of th e ir sa mple was not de termined. Equati on (7) has not bee n pre viously measured although e vid ence for it was give n by Albert a nd Brown [4] .
Park er [8] has selected a "best" valu e for 6.H NO whi c h may be re prese nted by th e e quati on,
6
.H(oo, 298.15 K) = -55.84 ± 0 . 10 kJ ' mol-1 (8) If th e sum of eq (1) and eq (8) is subtrac ted from eq (4) , we obtain 6. H(oo, 298.15 K) = (3 7.58 ± 1.00) kJ· mol-I
whi c h is equivale nt to the value, (40. 38 ± 0 .21) kJ· mol-I, report ed [or the di ssociation of th e N9 proton by Chri ste nse n e t al [7] us ing a sample of unknow n pu rity. Simila rl y, if th e sum of eq (1) a nd twice eq (8) is s ubtrac ted from eq (5) we obtain 6.H(oo, 298.15 K) = (95.47 ± 1.04) kJ'mol-1 (10)
Thi s reacti on has not bee n previously repOl·ted and is ass umed to be th e proton di ssoc iati ons a t th e amino group a nd N9 . Scru ggs, Achte r, and Ross [9] measured the solubility of ade nine in methanol a t 277.8 K and 309.8 K. Assuming linearity between th ese tempe ratures, and the density of
